With dense single-nucleotide polymorphism (SNP) maps for 199 drug-related genes, we examined associations between 4190 SNPs and 38 commonly measured quantitative traits using data from 752 healthy Japanese subjects. On analysis, we observed a strong association between five SNPs within the uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) gene and serum total bilirubin levels (minimum P-value in Mann-Whitney test¼1.82Â10 10 ). UGT1A1 catalyzes the conjugation of bilirubin with glucuronic acid, thus enhancing bilirubin elimination. This enzyme is known to play an important role in the variation of serum bilirubin levels. The five SNPs, including a nonsynonymous SNP-rs4148323 (211G4A or G71R variant allele known as UGT1A1*6)-showed strong linkage disequilibrium with each other. No other genes were clearly associated with serum total bilirubin levels. Results of linear multiple regression analysis on serum total bilirubin levels followed by analysis of variance showed that at least 13% of the variance in serum total bilirubin levels could be explained by three haplotype-tagging SNPs in the UGT1A1 gene.
INTRODUCTION
Despite advancements in medical knowledge and detailed diagnostic techniques, it is still difficult to predict the outcome of treatment with a particular drug and to estimate the effective dose for a given individual. It is also difficult to know beforehand whether the patient will experience adverse drug reactions. Among the many potential factors of adverse drug reactions, genetic variations affecting the susceptibility to a drug may constitute a large part of the events. The ability to predict the drug response of a patient on the basis of his (or her) genetic information is expected to reduce adverse events by identifying individuals. To date, many genetic variants in genes encoding drug-metabolizing enzymes or drug transporters have been investigated, some of which have been shown to be associated with the risk of adverse drug reactions. 1, 2 Recent advances in genomics and the development of tools for high-throughput single-nucleotide polymorphism (SNP) genotyping have made genome-wide association studies increasingly feasible. An SNP-based association study is a new and promising approach to identify genetic profiles related to medical responses. 3, 4 In an earlier study, we constructed a database of genetic variants and haplotypes for 4190 SNPs in 199 drug-related genes with data from 752 healthy Japanese subjects, 5 which has served as a useful knowledge base for population-based pharmacogenetic studies. For these subjects, 38 commonly measured quantitative traits obtained from clinical laboratory tests were also available.
Clinical laboratory tests, such as serum and urine biochemistry measurements, are used routinely in daily clinical practice to identify possible disorders in some organs or systems of the body. Many of these measures are sometimes under tighter genetic control than the related diseases. Analyses of such heritable quantitative traits may enable us to discover unexpected genetic factors or pathways for common quantitative traits and diseases. 3, 6 Genetic variations might influence the inheritance of commonly measured biochemical traits, which might, in some instances, serve as risk factors of common diseases or associated complications.
In this study, we extensively analyzed the associations between available genetic variants in drug-related genes and commonly measured quantitative traits. Drug-related genes possibly related to metabolism, transportation and the action of chemical agents may be associated not only with efficacy or adverse drug reactions but also with the biochemical profiles of individuals. They are potential candidates that may influence commonly measured biochemical traits.
Such an approach may be useful to identify genetic determinants of biochemical profiles and could lead to the elucidation of diseasecausing pathways and therapeutic avenues.
MATERIALS AND METHODS

Study subjects and measurement of covariates
Genotype data of 752 healthy Japanese subjects were obtained from our earlier study. 5 Among the 752 subjects, 449 were males (mean age ± standard deviation¼36.1±11.5 years) and 303 were females (mean age±standard deviation¼40.6±11.3 years). For these subjects, 38 quantitative traits were also available, of which 30 traits were obtained from serum and urine biochemical measurements, 4 were obtained by electrocardiography and 4 were physical characteristics. Informed consent had been obtained from all subjects for using their DNA in any association studies, and the study was approved by the institutional ethical committee.
In addition, genotype data of 45 Japanese and 45 Han Chinese subjects were obtained from the International HapMap database (release 22). 7 
Genotyping and quality control
Genotyping was performed with the Invader system. 8 Details of the methods for quality control have been described elsewhere. 5 To check the quality of genotyping, Hardy-Weinberg equilibrium was checked, and data that deviated strongly from the equilibrium (Po0.05) were either submitted to retyping or discarded. Finally, 4190 SNPs in 199 drug-related genes passed the quality check and were used for the analyses.
Statistical analysis
Population structure was examined by eigenanalysis, an application of the principal component analysis. Principal component analysis was performed as a two-stage process: we formed a matrix of estimated correlations between all pairs of individuals and then computed the eigenvectors and eigenvalues of that matrix. We estimated the correlation between two individuals as described earlier. 9 Analysis was performed using smartpca program in EIGENSOFT 9, 10 and the correlation matrix was calculated with correction for linkage disequilibrium (LD). We also carried out multidimensional scaling analysis to examine population stratification by using PLINK. 11 Single-SNP association with each of the 38 quantitative traits was assessed by Mann-Whitney test. For each SNP, two different comparisons were carried out as follows: between two groups derived from the dominant model for a minor allele (between the homozygote of a major allele and the rest) and between two groups derived from the recessive model (between the homozygote of a minor allele and the rest). We estimated overdispersion of the test statistics by using the genomic inflation factor (l) on the basis of the median w 2 . As the tests were performed for 4190 SNPs and 38 quantitative traits with two different comparisons, the significance level required after Bonferroni correction for a regular significance level of 0.05 is 1.57Â10 7 . Power calculations showed that we would have 80% power at this threshold to detect variants responsible for 4.9% of the variance of any trait.
In the linear regression analysis, adjustment was carried out for covariates, such as age and gender. We also performed analysis of variance to evaluate the effect of each SNP on the phenotype. For all analyses, basic statistical tests were performed using the R environment (www.r-project.org).
LD was analyzed using Haploview. 12 Pairwise LD measures, |D¢| and r 2 , were calculated. Haplotype-tagging SNPs (htSNPs) were selected on the basis of pairwise r 2 by using the Tagger algorithm 13 in Haploview.
Multiple-SNP association analyses were carried out using two approaches: SNP combination analysis and haplotype-based analysis. SNP combination analysis was performed using the linear multiple regression model by incorporating each SNP genotype as an independent variable. We examined the additive effect and tested for deviation from additivity (dominance deviation) at each SNP. The additive effect was modeled by a variable encoded À1, 0 or 1 for the effect at the three genotypes, and the dominance deviation was included by a variable encoded 1 for heterozygotes and 0 for homozygotes. Haplotypebased association was analyzed using QTLHAPLO, 14 which allows simultaneous estimation of haplotype frequencies and parameters for the distribution of phenotypes in subjects with and without a particular haplotype. The association between the haplotype and phenotype was tested with a likelihood ratio test. For each haplotype constructed from htSNPs, dominant and recessive models were tested.
RESULTS
Summary statistics for quantitative traits
Summary statistics for all traits studied are given in Supplementary  Table 1 . The values for phenotypes in the subjects were generally within normal ranges. In addition, almost all values were far above the detection limits and quantitation limits of the measurements.
Population structure
Plots of the first two eigenvectors for the 752 Japanese individuals in this study showed that no clear structure was found in the population 
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A Saito et al ( Figure 1a ). The mean ± standard deviation of the l over all traits was 1.01 ± 0.07, which indicates that the influence of population stratification is negligible. We then examined the relationships between these individuals and 45 Japanese and 45 Han Chinese subjects of the International HapMap database to explore the axes of genetic variation in drug-related genes ( Figure 1b ). Eigenanalysis failed to find a clear structure in the three populations because only 2647 SNPs within drug-related genes that do not cover the whole genome sufficiently, although distributed over all chromosomes, were analyzed, but separation between the Japanese and Han Chinese subjects with the first eigenvector was relatively apparent. The number of SNPs used was too small and the SNPs were too localized (not randomly selected) to detect the differentiation between the Japanese and Han Chinese subjects. We also examined population structure in the same populations with multidimensional scaling analysis and obtained a nearly identical result (data not shown).
Single-SNP association
The strongest association observed was between serum total bilirubin levels and five SNPs within the uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) gene on chromosome 2. The most associated SNP was an intronic SNP, rs4148325, with a P-value of 1.82Â10 10 in Mann-Whitney test (Tables 1 and 2 ). These SNPs also included a nonsynonymous SNP, rs4148323 (211G4A or G71R variant allele known as UGT1A1*6, P¼5.94Â10 7 ). Subgroup analysis by gender still showed a strong association between the five SNPs and serum total bilirubin levels. Four of the five SNPs in the UGT1A1 gene reached the significance level after Bonferroni correction. No other genes were clearly associated with serum total bilirubin levels.
The most significant SNP-trait association other than that between the SNPs in the UGT1A1 gene and serum total bilirubin levels was of white blood cell counts and an SNP in the adenosine triphosphatebinding cassette C5 (ABCC5) gene (rs4148559), showing a P-value of 8.70Â10 6 . No other SNP-trait combinations showed an association of Po1Â10 5 . We also report SNP-trait combinations which showed Po1Â10 3 because there are potentially valid associations within this set (Supplementary Table 2 ).
LD analysis of UGT1A1 gene
We then examined the LD within the UGT1A1 gene by calculating two pairwise LD measures, |D¢| and r 2 . The five SNPs in the UGT1A1 gene were located within a 6-kb region and showed strong LD with each other. The |D¢| values between the five SNPs were 1, indicating that the SNPs were in complete LD. In addition, the r 2 values between rs4148326 and rs3755319 or between rs4148324 and rs4148325 were either 1 or very close to 1, showing that these two pairs of SNPs were almost in absolute (or perfect) LD. On the basis of the LD measures, three SNPs (rs4148323, rs4148325 and rs4148326) were selected as htSNPs ( Table 2) . 
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Linear multiple regression
We analyzed the association between the three htSNPs and serum total bilirubin levels by linear multiple regression including each htSNP genotype as an independent variable, with age and gender as covariates. Linear regression analysis was performed with stepwise model selection by Akaike's information criterion and the results showed that the evidence of association remained highly significant (minimum P-value¼6.65Â10 12 at rs4148323). The selected model and estimated slopes of the regression line are shown in Table 3a . Gender but not age had a significant effect on the serum bilirubin levels. The male gender was associated with higher bilirubin levels. As shown in the table, we examined the additive effect and deviation from additivity (dominance deviation) at each SNP. Among the three htSNPs, rs4148325 and rs4148326 were in accordance with the additive model because no significant dominance deviation was observed, whereas the deviation from additivity was significant at rs4148323. The estimated parameters (slopes) of the additive effect and dominance deviation at rs4148323 (rs4148323_dom in Table 3a) were negative. These data indicate that the major allele is associated with lower bilirubin levels and that the heterozygotes have lower bilirubin levels than those expected from the additive model for rs4148323.
We also performed analysis of variance on the selected model from linear multiple regression (Table 3b ). The minimum P-value was 8.12Â10 16 at rs4148325, explaining about 7.9% of the variance in log-transformed serum total bilirubin levels. The proportion of variance explained by the remaining two SNPs was about 5.3% at rs4148323 (4.5% by additive effect and 0.8% by dominance deviation) and 0.9% at rs4148326.
Haplotype-based association
We observed four haplotypes within the UGT1A1 gene (Table 4) . Subjects with ACT haplotype, identical to subjects with one or two A (UGT1A1*6) alleles of rs4148323, showed significantly high values of serum total bilirubin level (P¼7.90Â10 7 for the dominant model, P¼3.16Â10 7 for the recessive model), consistent with the results shown in Table 1 . Among the subjects without the UGT1A1*6 allele of rs4148323, those with the haplotype of minor alleles of rs4148325 and rs4148326 (GTC haplotype) showed significantly high values of serum total bilirubin level, whereas subjects with the major alleles (GCT haplotype) showed significantly low values. Subgroup analysis by gender still showed a strong association between the haplotypes and serum total bilirubin levels.
DISCUSSION
We extensively analyzed the association between available genetic variants in drug-related genes and commonly measured quantitative traits with data from 752 healthy subjects and found a strong association between five SNPs within the UGT1A1 gene and serum total bilirubin levels. Four of the five most significantly associated SNPs reached a significance level even after Bonferroni correction (Po1.57Â10 7 ).
UGT1A1 is the key enzyme for bilirubin conjugation. Defects in this enzyme can cause nonhemolytic unconjugated hyperbilirubinemia, such as Crigler-Najjar syndrome type I and II and Gilbert syndrome. It has been shown that homozygous or compound heterozygous mutations of the UGT1A1 gene can lead to these inheritable unconjugated hyperbilirubinemias, and over 30 variants have been identified. 15, 16 The promoter region and exon 1 of the UGT1A1 gene contain the most common phenotype-associated polymorphisms: an insertion/deletion of TA 6 /TA 7 (UGT1A1*28) and a nonsynonymous coding variant 211G4A (G71R, UGT1A1*6), respectively. The UGT1A1*28 allele is common in Caucasian populations and in those of African origin (0.26-0.56) 17 and defines the genetic basis of Gilbert syndrome. The UGT1A1*6 variant is found almost exclusively in Asian populations, with a frequency of 0.13-0.25. 18 The UGT1A1*6 Table a . Variance explained was calculated as the proportion of the variance of log-transformed serum total bilirubin explained by the variable.
Drug-related genes and quantitative traits A Saito et al variant can also cause the phenotype of hyperbilirubinemia. 19 The UGT1A1*28 and UGT1A1*6 variants are known to reduce enzymatic activity of UGT1A1 and have been associated with increased risk of adverse outcomes and severe toxicity during irinotecan treatment. 20, 21 The clinical application of the genetic test for the UGT1A1*28 allele before irinotecan therapy has been in practice in the United States since 2005, based on a cumulative evidence supporting the significant association of this variant with severe irinotecan toxicity. 20, [22] [23] [24] [25] The five most associated SNPs included rs4148323 (G4A, UGT1A1*6). Homozygotes of the UGT1A1*6 allele showed significantly high values in serum total bilirubin levels, supporting the evidence from earlier studies. We also investigated the dominance deviation at rs4148323. The deviation from additivity was significant at rs4148323 and heterozygotes of rs4148323 showed significantly lower values in serum total bilirubin levels than expected in the additive model (close in value to homozygotes of the major allele). Earlier studies have shown that the UGT1A1*6 and UGT1A1*28 alleles are mutually exclusive 26, 27 and contribute additively to the activity of UGT1A1 in Japanese subjects. 28 Subjects who were not homozygotes for the UGT1A1*6 allele and whose serum total bilirubin level showed a relatively high value could be carriers of one or two UGT1A1*28 alleles.
In addition to the UGT1A1*6 variant, four intronic SNPs, including the most strongly associated SNP-rs4148325-were significantly associated with serum total bilirubin levels. Although not reported earlier, these SNPs are located in the same haplotype (or LD) block as the UGT1A1*28 and UGT1A1*6 alleles and could be responsible for bilirubin metabolism. Further investigations are required to confirm their contribution to bilirubin metabolism. Linear multiple regression modeling followed by analysis of variance suggested that three htSNPs in the UGT1A1 gene could explain 0.9-7.9% of the variance in serum total bilirubin levels. Although the three htSNPs showed high |D¢| values (|D¢|¼1) with each other, the r 2 values between them were less than 1, which showed that the SNPs were in complete, but not in absolute (or perfect), LD with each other. The r 2 values between rs4148323 and rs4148325, between rs4148323 and rs4148326, and between rs4148325 and rs4148326 were 0.02, 0.06 and 0.43, respectively, showing that rs4148323 and either rs4148325 or rs4148326 could have independent effect on serum total bilirubin levels. Even considering the dependency between rs4148325 and rs4148326, at least 13% of the variance in serum total bilirubin levels could be explained by the three htSNPs. For evaluating the goodnessof-fit of the model selected from linear multiple regression, we introduced a receiver operating characteristic (ROC) curve. 29, 30 The ROC curve is a plot to show the tradeoff between sensitivity and specificity, and work in many theoretical aspects of this curve has been carried out. [31] [32] [33] The accuracy of a diagnostic test can be evaluated by the area under the ROC curve (AUC). 34 The AUC value varies from 0 to 1, being close to 1 when the diagnostic test has a high degree of accuracy. We evaluated the accuracy of the selected model and full model from linear multiple regression by the AUC value (Figure 2) . Each subject was labeled as hyperbilirubinemic or nonhyperbilirubinemic based on the actual serum total bilirubin level with a threshold bilirubin level of 1.3 mg per 100 ml (that is, subjects with levels more For each haplotype, alleles from each SNP are ordered in chromosomal position: rs4148323, rs4148325 and rs4148326. Association analyses were carried out under the assumption that log-transformed serum total bilirubin levels of the subjects with a particular haplotype followed normal distribution N(m+, s 2 ) and the phenotype of the subject without that haplotype followed N(mÀ, s 2 ). P-values were obtained by likelihood ratio test in contrast to the null hypothesis (m+¼mÀ). Analyses were performed with all subjects or by gender. Figure 2 The ROC curve for partitioning by the models from linear multiple regression analysis. Subjects with serum total bilirubin levels of more than 1.3 mg per 100 ml were considered true positive patients. The response variable was log-transformed serum total bilirubin level. The explanatory variables are shown in Table 3 Drug-related genes and quantitative traits A Saito et al than 1.3 mg per 100 ml were considered hyperbilirubinemic and were otherwise considered nonhyperbilirubinemic). The ROC curve was fitted to the predicted values of log-transformed serum total bilirubin level by the models. The theoretical ROC curve for continuously distributed data was obtained by maximum likelihood estimation. 35, 36 The AUC values for the selected model and full model were almost the same (0.8739 and 0.8748, respectively) and were relatively high, suggesting that the accuracy of the two models was almost the same and that subjects with high values of serum total bilirubin level could be distinguished by the three htSNPs within the UGT1A1 gene, gender and age. In this study, we genotyped only five SNPs in the UGT1A1 gene. Additional genotyping of other responsible variants, such as UGT1A1*28, could improve the accuracy of the models. In addition to the UGT1A1 gene, recent studies have suggested the possible association of the adenosine triphosphate-binding cassette C2 (ABCC2) gene and the solute carrier organic anion transporter 1B1 (SLCO1B1) gene with serum bilirubin levels. [37] [38] [39] In our association study with serum total bilirubin levels, three SNPs within the ABCC2 gene (rs4148386, rs4148396 and rs2145852) and three SNPs within the SLCO1B1 gene (rs4149025, rs4149014 and rs4149018) showed P-values under 0.01, which were, however, far above the significance level after Bonferroni correction (data not shown). No genes except for UGT1A1 were clearly associated with serum total bilirubin levels. Although many SNP-trait combinations showed Po1Â10 3 (Supplementary Table 2 ), almost all of them were far above the significance level after correction for multiple testing. Many of these associations need to be considered as provisional until replicated in other studies.
In this study, we used SNPs in drug-related genes to examine the associations with commonly measured quantitative traits. This is mainly because we could achieve adequate power with the obtained sample size by using the candidate gene approach with an alreadyconstructed reliable SNP database. Drug-related genes are potential candidates that may influence commonly measured biochemical traits. In the next step, genome-wide association studies are promising to discover unexpected genetic factors or pathways for common quantitative traits and diseases. However, such approaches require a larger sample size to achieve adequate power. For example, the use of 550 000 SNPs requires the sample size of 954 to achieve the same power as in this study.
In conclusion, our findings from the large-scale SNP database of drug-related genes confirm the association between the UGT1A1 gene and bilirubin metabolism and provide a focus for several novel research avenues. The UGT1A1*6 allele, together with some intronic SNPs in the UGT1A1 gene, could serve as a useful genetic marker to predict individual serum total bilirubin levels in Japanese subjects.
